Abstract: A two-color magneto-optical trap (MOT) for trapping cesium (Cs) atoms is experimentally realized. This two-color MOT employs the radiation forces due to photon scattering from the Cs 6P 3/2 F' = 5 -8S 1/2 F" = 4 excited-state transition, which replaced one pair of the three pairs of cooling/trapping laser beams operating on a single-photon red detuning to the Cs 6S 1/2 F = 4 -6P 3/2 F' = 5 cycling transition in a standard six-beam Cs MOT, and can cool and trap atoms on both the red-detuning and bluedetuning sides of the two-photon resonance. Employing the two-color MOT, the background-free fluorescence detection of trapped atoms has been demonstrated. This technique will be useful for observation of weak fluorescence signal radiated from single atoms in MOT. 
Introduction
Since the first experiment on magneto-optical trapping of neutral atoms was reported, the magneto-optical trap (MOT) has become a workhorse for cooling and trapping atoms in the cold-atom physics [1, 2] . Over last twenty years, MOT has been deeply investigated and successfully applied to many fields ranging from precision measurements and atomic clock to single atom trapping and quantum information processing [3] [4] [5] [6] [7] [8] . In 2009, a newconfiguration MOT has been firstly proposed and demonstrated in experiment [9] , which employs optical forces from scattering between excited states replacing one pair of the three pairs of cooling light with a single-photon transition between a ground state and an excited state in a standard MOT. In the case of cesium (Cs) atoms, a pair of the 852.3-nm cooling and trapping laser beams (coupled with 6S 1/2 F = 4 -6P 3/2 F' = 5 cycling transition) along the z (or x, y) direction in a standard MOT can be replaced with counter-propagating 794.6-nm laser beams coupled with the 6P 3/2 F' = 5 -8S 1/2 F" = 4 excited states transition. This is the socalled two-color MOT, and it can cool and trap atoms on both the red-detuning and bluedetuning sides of the two-photon resonance. This point is remarkably different from the standard MOT which only traps atoms at red single-photon frequency detuning. This kind two-color MOT is also different from the so-called two-color MOT of metastable helium atoms by Tychkov et al [10] . Although they cool and trap helium atoms using optical scattering forces between excited states 2 3 S 1 -3 3 P 2 (389nm) and 2 3 S 1 -2 3 P 2 (1083nm) cooling transitions, in fact, their MOTs are two standard MOTs with single-photon transition [10] . Just recently, Wang et al [11] improved the atom number with "dual color MOT", but their dual color MOT is essentially a standard MOT with different frequency-detuned cooling laser beams [11] . However, the two-color MOT in this paper is based on a ladder-type energy-level configuration which couples the two cooling laser fields (852.3nm plus 794.6nm for Cs atoms 6S -6P -8S transitions), so quantum coherence should be fully considered in future. For example, It is also possible to directly generate twin optical beams (or correlated photon pairs) in the two-color MOT based on the four-wave-mixing process in a diamond-type atomic system [12, 13] . The two-color MOT can be used to detect fluorescence signal of the trapped atoms without background on the basis of the ladder-type atomic system, too. In a word, the two-color MOT, as a new method of trapping neutral atoms, should be paid more attentions on.
We have realized the two-color Cs MOT in which one pair of 852.3-nm cooling beams among the three pairs in a standard MOT is replaced with 794.6-nm cooling beams. We also demonstrated a nondestructive background-free detection of fluorescence signals from the atomic transitions driven by no laser beam with the two-color Cs MOT. This is completely different with the background-free image of the cold cloud in a standard MOT [14, 15] . In that case an additional laser is needed to excite atoms, and more or less it will heat the trapped atoms. The two-color MOT should be especially useful in single atoms MOT experiment for the observation of weak fluorescence signal from single atoms, and in investigation of the photons statistical characteristics, such as photon anti-bunching, and the transition from the photon anti-bunching for single atoms to the photon bunching for atomic ensemble by controlling the number of trapped atoms via changing the quadrupole magnetic field intensity in two-color MOT.
Experimental setup
The two-color MOT employs the radiation force due to photon scattering from the transition between excited states to replace that from the transition between ground and excited states in one axis among the three axis (x, y, z) of a standard six-beam MOT, so some of the cooling/trapping and repumping laser beams in the standard six-beam MOT are still needed. In our two-color Cs MOT, the 852.3-nm cooling and trapping laser beams (Ω ge ) along x and y axes (see Fig. 1 ) are provided by an extended-cavity diode laser (ECDL 1) with a frequency detuning ∆ P = −10 MHz related to the 6S 1/2 F = 4 (denoted as |g>) -6P 3/2 F' = 5 (denoted as |e>) cycling transition. The ECDL 1 is locked by the polarization spectroscopic locking scheme. The repumping laser beams are provided by ECDL 2, which is locked to the Cs 6S 1/2 F = 3 -6P 3/2 F' = 4 transition by the conventional saturated absorption spectroscopic (SAS) locking scheme. The 794.6-nm cooling and trapping laser beams (Ω ee" ) along z axis (see Fig. 1 ) are provided by ECDL 3 with a frequency detuning ∆ C related to the 6P 3/2 F' = 5 (state |e>) -8S 1/2 F" = 4 (state |e">) transition, which is locked using an off-resonant double-resonance opticalpumping (DROP) locking scheme [16] [17] [18] . The DROP spectrum is based on atomic population transfer from one of the hyperfine manifolds in the ground state to another via the two-photon excitation process to the upper excited state and spontaneous decay through the intermediate states in the ladder-type atomic system. In our laser system for the two-color Cs MOT, as shown in Fig. 2 , the ECDL 1 with wavelength 852.3 nm is also used as the probe laser with a frequency detuning ∆' P related to |g> -|e> transition independently changed by an acousto-optical modulator (AOM 3). When ECDL 3 with wavelength 794.6-nm as the coupling laser is scanning over |e> -|e"> transition, DROP spectrum is obtained. In order to get a narrow linewidth DROP spectrum for locking ECDL 3, the probe and the coupling beams are arranged in counter-propagating configuration. The two laser beams are overlapped in a 5cm-long Cs vapor cell by using a dichroic filter (DF) [16, 17] . When the probe beam is detuned ∆' P from |g> -|e> transition, the couple laser is oppositely detuned ∆ C from |e> -|e"> transition for the requirement of zero two-photon detuning. Due to the Doppler mismatch between the probe and coupling beams, we expect ∆ C = ∆' P (λ P /λ C ), which is just the frequency interval between the off-resonance DROP peak and the resonant DROP peak (∆ P = ∆ C = 0, as reference). Finally, the ECDL 3 can be offset locked using an off-resonance DROP spectrum (More detailed locking scheme can be found in our previous work [18] ), and its single-photon detuning ∆ C can be conveniently controlled from −30 MHz ~ + 30 MHz by AOM 3. Furthermore, we can exactly obtain the two-photon detuning δ 2 = −10 MHz + ∆ C for the cascade |g> -|e> -|e"> two-photon excitation in the two-color Cs MOT.
An interesting characteristic is that the two-color MOT can efficiently cool and trap atoms at both positive and negative two-photon detunings. With the red two-photon detuning, the cooling/trapping mechanism can be understood by using a two-photon Doppler cooling picture which is similar to that in the standard MOT. With the blue two-photon detuning, the cooling/trapping mechanism may be explained using a two-color polarization gradient cooling picture [9] . In the two-photon cooling process of the two-color Cs MOT, as shown in Fig. 1(b) , atoms in state |g> are optically pumped to state |e"> via the 852.3-nm and 794.6-nm cooling and trapping laser beams, and then decay back to state |g> via other intermediate states, for example, 6P 1/2 (7P 1/2 and 7P 3/2 ), emitting 894.6-nm (459-nm and 456-nm) fluorescence photons, which can be detected by an avalanche photodiode (APD) with a help of proper interference filter (IF) plate. So we can nondestructively detect the trapped atoms via the 894.6-nm fluorescence photons without unwanted background photons scattered from the cooling/trapping and the repumping laser beams with the high-suppression-ratio 894-nm IF plates. Fig. 2 . Our laser system for the two-color Cs MOT. Keys to figure: ECDL: extended-cavity diode laser; SAS: saturated-absorption spectroscopy; PS: polarization spectroscopy; AOM: acousto-optical modulator; Lock-in: lock-in amplifier; P-I: proportion and integration amplifier; SIN: sine-wave signal generator; DF, dichroic filter; M: mirror. PBS: polarization beam splitting cube; λ/2: half-wave plate; PD: photodiode.
Experimental results and discussions

Demonstration of the two-color Cs MOT
Among the three pairs of the 852.3-nm cooling/trapping laser beams of the standard six-beam Cs MOT, we replaced one pair of the 852.3-nm cooling laser beams along z axis (the axis of the anti-Helmholtz coils, see Fig. 1(a) ) with the counter-propagating 794.6-nm cooling laser beams which coupled |e> -|e"> transition. Typical experimental parameters are as follows: the total intensity of the two pairs of the retro-reflected 852.3-nm cooling/trapping beams with a diameter of ~5 mm is ~4 x 19.9 mW/cm 2 , and typical single-photon detuning from |g> -|e> transition is ∆ P = −10 MHz; the total intensity of the retro-reflected 794.6-nm cooling/trapping beams with a diameter of ~5 mm is ~2 x 134.6 mW/cm 2 , and typical twophoton detuning is δ 2 = −14.6 MHz; the total intensity of the retro-reflected 852.3-nm repumping laser beams (along the x and y directions) with a diameter of ~5 mm is ~4 x 10.2 mW/cm 2 ; the gradient of the quadrupole magnetic field generated by the anti-Helmholtz coils is 10 Gauss/cm along z axis, typical pressure inside the metal vacuum chamber is ~2 x 10 −9
Torr. The peak fluorescence intensity of the two-color Cs MOT vs the two-photon detuning δ 2 is plotted in Fig. 3 . Inset gives a typical picture of cold cloud in the two-color Cs MOT by using a charge-coupled device (CCD) camera, and its peak fluorescence intensity can be obtained by analyzing the fluorescence picture. Figure 3 clearly shows that two-color Cs MOT can efficiently trap atoms on both the red-detuning and blue-detuning sides of the twophoton resonance when the retro-reflected 794.6-nm cooling/trapping beams along z axis are intense enough (for example, ~2 x 134.6 mW/cm 2 ). When the 794.6-nm cooling/trapping beams are weaker (for example, ~2 x 106.4 mW/cm 2 ), the two-color Cs MOT traps atoms mainly at the red two-photon detuning. The above experimental results are very different to that in the standard 852.3-nm Cs MOT, which can only trap atoms at the red single-photon detuning. The highest fluorescence intensity for δ 2 ~-14.6 MHz in Fig. 3 corresponds the ~5 x 10 6 trapped atoms in our two-color Cs MOT, which is an order of magnitude smaller than that of the standard 852.3-nm Cs MOT under the similar conditions (likely due to the reduced capture volume and capture velocity for this new-configuration MOT). Being different with the |g> -|e> cooling cycle transition in the standard 852.3-nm Cs MOT, the two-photon |g> -|e> -|e"> cooling transitions in the two-color Cs MOT is not closed, the atoms populated on state |e"> in cooling process also may decay back to state |g> via other intermediate states, for example, 6P 1/2 (see Fig. 1(b) ), 7P 1/2 and 7P 3/2 (not shown in Fig. 1(b) ), and emit 894.6-nm photons (459-nm and 456-nm blue fluorescence photons) [14] . So it seems intuitively that strong repumping laser should be required. With the optimal experimental parameters based on Fig. 3 , we measured the dependence of the peak fluorescence intensity of the trapped atoms in our two-color Cs MOT upon the total intensity of the repumping beams, and the results are shown in Fig. 4 . With the increase of the repumping beams' intensity, the peak fluorescence intensity will correspondingly increase, because more and more atoms are captured into the two-color MOT and get saturated at a moderate intensity of the repumping laser ~10.2mW/cm 2 . The stronger the repumping beams keeping the population from pumping into the ground state 6S 1/2 F = 3, the much efficient the two-photon cooling is. On the other hand, it is just because these intermediate states (6P 1/2 , 7P 1/2 , and 7P 3/2 ) exist, they make it possible to nondestructively detect the cold atoms without background. Also it is possible to directly generate correlated photons pairs based on the fourwave mixing process in the diamond-type atomic system [12, 13] in the two-color Cs MOT. 
Background-free fluorescence detection of the trapped atoms in the two-color MOT
Background-free imaging of atoms is an important subject especially for the observation of weak atomic signal, for example, single atoms. In order to apply the two-color MOT to single atom cooling/trapping experiment, the experiments below are performed in another Cs MOT system with a large magnetic gradient (10~300 Gauss/cm). We replace the 852.3-nm cooling beams of the 852.3-nm standard six-beam Cs MOT along the x or y direction with counterpropagating 794.6 nm cooling beams. Here the angle between x and y is set to 60° in the horizontal plane which are perpendicular to the z direction (also the axis of the anti-Helmholtz coils), it is different with the Cs MOT system in Section 3.1. This two-color Cs MOT also can trap atoms on both the red-detuning and blue-detuning sides of the two-photon resonance. Typical experimental parameters are as follows: the total intensity of two pairs of retroreflected 852.3-nm cooling/trapping beams with a diameter of ~2.2 mm along x (or y) and z axis is ~189.5 mW/cm 2 , and typical detuning related to |g> -|e> transition is ∆ P = −10 MHz; the total intensity of retro-reflected 794.6-nm cooling/trapping beams with a diameter of ~2.2 mm along x (or y) axis is ~2 x 226.4 mW/cm 2 , and typical two-photon detuning is δ 2 = −16.2 MHz; the total intensity of retro-reflected repumping beams with a diameter of ~2.2 mm along z axis is ~2 x 89.5 mW/cm 2 ; the typical gradient of the quadrupole magnetic field along z axis is set to ~28 Gauss/cm; typical pressure inside the cuboid glass vacuum cell is ~2 x 10 −10 Torr to decrease the density of Cs atoms in background. In a standard MOT with single-photon transition cooling, it is difficult to completely distinguish the fluorescence photons of trapped atoms from the background scattering photons of the cooling/trapping and the repumping beams. This will restrict people to get real information of fluorescence photons statistics of a few atoms or single atom [19] [20] [21] . In most of experiments people subtracted the contribution of the scattering photons of the cooling/trapping and the repumping beams from the inner walls of vacuum chamber, but it is a post-processing method.
In the two-color Cs MOT, the atomic population transfer from state |g> to state |e"> due to excitation of the two-color cooling/trapping beams, and then the cascaded two-photon emissions via |e"> -|e'> -|g> transitions occur at 761.1 nm and 894.6 nm, as shown in Fig.  1(b) . Instead of detection 852.3-nm fluorescence photons, now we can detect 894.6-nm fluorescence photons. Because |e'> -|g> transition are directly driven by no laser beam, the scattering photons from the cooling/trapping and the repumping beams on the inner walls of vacuum chamber can be almost completely rejected by using a high-suppression-ratio 894-nm IF plate (Dr. Hugo Anders Optical Laboratories Co., typical peak transmission is T ~86% at 894.6 nm, T ~1 x 10 −5 at 852.3 nm, and T < 1 x 10 −6 at 761 nm and 794.6 nm). Thus we can realize the background-free fluorescence detection of cold atoms in the two-color MOT. One point should be pointed, here the background-free fluorescence detection of trapped atoms in the two-color MOT is very different with the previous method of imaging cold cloud in the standard MOT with one-photon cooling based on a two-stage excitation [14, 15] , where it needs additional laser to couple two excited states and will heat cold atoms. Figure 5 shows the 894-nm fluorescence photon counts of cold atoms trapped in our two-color Cs MOT and background photon counts under the conditions of turning off the quadrupole magnetic field and blocking the laser beams along x (y or z) direction, respectively. The almost same background counts indicate that it is an almost background-free fluorescence detection of cold atoms, and the residual background photon counts mainly came from the dark counts of the APD. In order to compare with Fig. 5 , we also recorded the 852.3-nm fluorescence photons counts signal of cold atoms in our two-color Cs MOT with the same parameters by using an 852.3-nm IF plate. The results are shown in Fig. 6 . It clearly displays that the background photon counts remarkably change when blocking the 852.3-nm laser beams. This is due to the photon scattering of the 852.3-nm cooling/trapping beams (or the repumping beams) from the inner walls of the glass vacuum cell and the background Cs atoms.
We note that the signal magnitude of the 894-nm fluorescence photons is smaller than that of 852-nm fluorescence photons, as shown in Fig. 5 and Fig. 6 . One intuitive reason is that the atoms populated on the upper state |e"> decay back to the ground state |g> by other decay channels, for example, the intermediate 7P 1/2 and 7P 3/2 states. The branching ratios are ~27% for the Cs 8S 1/2 -7P 3/2 transition, ~14% for the Cs 8S 1/2 -7P 1/2 transition, ~37% for the Cs 8S 1/2 -6P 3/2 transition, and ~21% for the Cs 8S 1/2 -6P 1/2 transition [22] . But roughly considering the transmission loss of detection path and quantum efficiency of the APD for 852.3-nm and 894.6-nm photons, the loss from other channels seems impossible to result in so big difference (~10 2 times) in signal magnitude. Another possible reason is detection direction is not optimized at present stage. We think that there maybe exists the four-wave mixing effect in the two-photon cooling process in the two-color Cs MOT, so the 894.6-nm photons are not isotropic. Furthermore, the repumping laser will greatly enhance the fourwave mixing effect in [23] , their experiment is performed in a Rb vapor cell, but the laser system and ladder-type configuration are very similar to that in our two-color MOT. To increase the signal magnitude of 894.6-nm photons, an alternative possible method is to employ the two-color Cs MOT with 6S 1/2 -6P 3/2 -7S 1/2 cascade transitions (852 nm plus 1470 nm) for removing the other radiation channels and optimize the detection direction. 
Conclusion
We introduced our experimental system, especially presented the controlling of frequency detuning and locking for 794.6-nm cooling/trapping laser between the excited states 6P 3/2 -8S 1/2 transition in detail, which is extremely important for the realization of two-color Cs MOT. We demonstrated the two-color Cs MOT for replacing any pair of 852.3-nm cooling/trapping beams of the three pairs in the standard one-photon six-beam Cs MOT with 794.6-nm cooling/trapping beams which couples the excited states. The two-color MOT can cool and trap atoms on both the red-detuning and blue-detuning sides of the two-photon resonance. Based on the multi-channel ladder-type atomic system, we also measured and analyzed the influence of the repuming laser on the fluorescence intensity of trapped atoms in the two-color Cs MOT, and also demonstrated a nondestructive background-free fluorescence detection of cold atoms by using detection of 894.6-nm fluorescence photons radiated from the two-photon cooling process. The other fluorescence photons at 456 nm, 459 nm, and 761 nm are also feasible.
This two-color Cs MOT scheme possibly can be extended to single-atom Cs MOT for background-free detecting single atoms. It will help us to investigate photons statistical characteristics, such as photon anti-bunching for single atom or a few atoms, and the transition from the photon anti-bunching for single atom to the photon bunching for atomic ensemble [24] [25] [26] . In this case we do not need to adopt the post-processing method to subtract the contribution of the scattering photons of the cooling/trapping and the repumping beams from the inner walls of vacuum chamber and the background Cs atoms.
